Hevea brasiliensis Mü ll. Arg. is a tree that produces natural rubber, an industrially vital isoprenoid polymer. Biosynthesis of natural rubber is known to take place biochemically by a mevalonate (MVA) pathway, but molecular biological characterization of related genes has been insufficient. From H. brasiliensis, we obtained full-length cDNA of genes encoding all of the enzymes that catalyze the six steps of the MVA pathway. Alignment analysis and phylogenetic analysis revealed that in H. brasiliensis there are three acetyl-CoA acetyltransferase genes, two HMG-CoA synthase (HMGS) genes, and four HMG-CoA reductase (HMGR) genes. Gene expression analysis by type of tissue indicated that MVA pathway genes were highly expressed in latex, as compared to other types of tissue and that HMGS and HMGR, which exist in multiple copies, have different expression patterns. Moreover, these MVA pathway genes in H. brasiliensis were found to complement MVA pathway deletion mutations in yeast.
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Natural rubber is present as rubber particles in latex, the fluid cytoplasm of laticifers in H. brasiliensis. Natural rubber produced by H. brasiliensis has superior physical properties in comparison to synthetic rubber and is an important raw material for rubber products, particularly truck, bus, and airplane tires and medical gloves. Nevertheless, numerous uncertainties regarding the pathway of natural rubber biosynthesis remain, and numerous studies have sought to examine this pathway.
Prior to the 1960s, tracer experiments using radioisotope tracers and biochemical experiments with latex found that IPP, a crucial component of natural rubber biosynthesis in H. brasiliensis, is synthesized by a mevalonate (MVA) pathway. [1] [2] [3] Molecular biology studies have recently reported the sequences of the HMGS genes 4, 5) and HMGR genes 6, 7) and the sequences of the genes of the entire MVA pathway 8) in H. brasiliensis. In addition, large-scale transcriptome analyses of the latex of H. brasiliensis have been performed, 9, 10) but molecular biological characterization of the MVA pathway as a whole has been inadequate. In order to obtain greater knowledge of the molecular events involved in rubber biosynthesis, the main author's research group performed comparative EST analysis as between latex, a rubber-producing site, and * Present address: Bridgestone Corporation, 3-1-1 Ogawahigashi, Kodaira, Tokyo 187-8531, Japan ** Present address: Tamanoi Vinegar Corporation, 100 Nishimachi, Yamatokooriyama, Nara 639-1038, Japan y To whom correspondence should be addressed. Tel/Fax: +81-6-6879-7424; E-mail: fukusaki@bio.eng.osaka-u.ac.jp Abbreviations: CTAB, cetyl trimethyl ammonium bromide; RACE, rapid amplification of cDNA ends; EST, expressed sequence tag; MVA, mevalonate; AACT, acetyl-CoA acetyltransferase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate diphosphate decarboxylase; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; IDI, IPP isomerase xylem, a non-rubber-producing site. This EST analysis revealed partial sequence information for all of the genes related to the MVA pathway, which is crucial to the biosynthesis of natural rubber.
The current study obtained full-length sequences for genes related to the MVA pathway and compared them to those in previous reports. In addition, the expression patterns of MVA pathway genes in various tissues were also investigated in order to characterize individual MVA pathway genes of H. brasiliensis in detail. Moreover, complementation assays using yeast lacking MVA pathway genes confirmed the individual functions of the genes.
Materials and Methods
Plant materials. Various tissue samples were obtained from 10-year-old trees of Hevea brasiliensis (clone RRIM600) growing on commercial plantation PTPN VIII, Cikumpay, Purwakarta, West Java, Indonesia. The latex exuding from the tapped trees was collected and mixed with equal volumes of 2 Â RNA extraction buffer (0.1 M Tris-HCl, 0.3 M LiCl, 0.01 M EDTA, and 10% SDS, pH 9.5), as described previously.
11) Xylem tissues were obtained from young branches at an early stage of leaf development by peeling the phloem, including laticifers, and scraping both exposed surfaces with a scalpel. The collected samples were immediately frozen in liquid nitrogen and shipped back to the laboratory on dry ice.
RNA isolation and isolation of cDNA encoding MVA pathway genes. Total RNA from latex was isolated by a modification of the Cetyl trimethyl ammonium bromide (CTAB) method, 12) after the latex mixture was centrifuged at 10;000 Â g for 20 min to remove the rubber component. Total RNA from other tissues was isolated using an RNeasy Plant Mini Kit (Qiagen, Tokyo Japan), and purified using an RNase-Free DNase Set (Qiagen) according to the manufacturer's protocol. For 3 0 -rapid amplification of cDNA ends (3 0 -RACE), the 3 0 -Full RACE Core set (Takara, Shiga, Japan) was used with latex and xylem total RNA as the template and a set of specific primers, S1 for the first PCR, and S2 for the second PCR: HbAACT TAGT
0 ), and HbGAPDH2-qFw (5 0 -CTTGGC-GCCTGGAACATACTA-3 0 ) and HbGAPDH2-qRv (5 0 -TGTATCGCCAACAGCCTTCTG-3 0 ). The WT-Ovation RNA Amplification System (Nugen Technologies, CA, USA) was used with 50 ng of each Total RNA to synthesize single-strand cDNA. The reaction was performed on a GeneAmp 5700 Sequence Detection System (Applied Biosystems) using SYBR Green detection with a reaction mixture (20 ml) containing 1 Â SYBR Green PCR Master mix, 0.2 mM each of forward and reverse primers, and 1 ng/ml of template cDNA. PCR amplification was performed under the following conditions: 50 C for 2 min, and 95 C for 10 min, followed by 50 cycles of 95 C for 15 sec and 60 C for 1 min. The relative level of amplified mRNA was normalized to mRNA expression of the housekeeping gene, GAPDH. Gene expression was evaluated by a modification of the 2 ÀÁÁCt method, as described previously.
13)
Strains. Yeast knockout strains, as listed Table 1 , were obtained from the Open Biosystems Yeast Knock Out Strain Collection (Open Biosystems, AL, USA). Then the hmg1 hmg2 double knockout mutant was created by mating hmg1 and hmg2 mutants and dissecting tetrads.
Construction of expression plasmids for yeast complementation. The fragment containing coding region of each gene was amplified by PCR using a pair of specific primers with 40 bp of vector sequences: HbAACT1 cS C to analyze functional complementation of the H. brasiliensis genes. Transformed heterozygous diploid cells were forced to sporulate to obtain viable transformed haploid cells by dissecting tetrads on YPG (1% yeast extract, 2% Bacto-Peptone, and 2% galactose). Haploid transformant cells bearing both the disrupted allele and the plasmid-borne mevalonate pathway genes were selected on minimal medium SC (-Ura) (6.7% yeast nitrogen base w/o amino acid, 2% galactose) and YPG + Geneticin (1% yeast extract, 2% Bacto-Peptone, 2% galactose, and 200 mg/l geneticin). Plasmid loss was analyzed on SC (-Ura) medium containing 0.1% 5-fluoro-orotic acid (5-FOA).
14)

Results and Discussion
Isolation of MVA pathway genes in H. brasiliensis MVA pathway candidate genes in H. brasiliensis were identified by searching an in-house EST Database constructed with cDNA libraries of latex and xylem of H. brasiliensis RRIM600. Partial sequences of AACT, HMGS, HMGR, MVK, PMK, and MVD, the enzymes that catalyze the six reactions in the MVA pathway, were determined, and are shown in Table 2 .
To obtain the full-length DNA sequences encoding AACT, HMGS, HMGR, MVK, PMK, and MVD in H. brasiliensis, 3 0 -RACE was performed using sequence-specific primers. Based on these sequences, full-length cDNA was amplified by PCR, and the PCR products were cloned into pT7Blue vector and sequenced. Ultimately, full-length sequences of MVA pathway genes in H. brasiliensis were obtained. These consisted of two AACT genes, two HMGS genes, three HMGR genes, and one MVK, one PMK, and one MVD gene. The ORFs of these genes were designated HbAACT1, HbAACT2, HbHMGS1, HbHMGS2, HbHMGR1, HbHMGR4, HbHMGR5, HbMVK, HbPMK, and HbMVD. The cDNA lengths, ORF lengths, numbers of amino acid residues, theoretical isoelectric points (pIs), MW, and accession numbers for these genes are shown in Table 3 .
The isolated sequences of these MVA pathway genes were aligned first with those of H. brasiliensis, as previously reported, and secondly with those of yeast, Arabidopsis thaliana, and Oryza sativa based on amino acid sequence similarities (Fig. 2) .
With regard to AACT in H. brasiliensis, one AACT (accession no. AF429383) has been reported. 8) This sequence was designated HbAACT3 for convenience. HbAACT1 and HbAACT2 in the current study showed 82-83% identity to HbAACT3 in a previous report. HbAACT1 showed 96% identity to HbAACT2. In addition, the AACTs in H. brasiliensis showed 76%-86% identity to those in A. thaliana and O. sativa, and 53-55% identity to that in yeast. Moreover, the AACT sequences in H. brasiliensis also had amino acid residues crucial to the thiolase activity of acetoacetylCoA thiolase 15) that were well conserved ( Fig. 2A) .
With regard to HMGS in H. brasiliensis, HMGS (accession no. AF429389) and HMGS2 (accession no. AY534617) have been reported. 4, 5) In addition, HMGS showed 94% identity to HMGS2. HbHMGS1 C HMGR Fig. 2 . Continued.
and HbHMGS2 in the current study were identical to HMGS and HMGS2 respectively in the previous reports. HbHMGS1 showed 95% identity to HbHMGS2 in a similar fashion. In addition, HMGSs in H. brasiliensis showed 78-82% identity to those in A. thaliana and O. sativa, and 47% identity to that in yeast. HMGSs in H. brasiliensis had amino acid residues crucial to the activity of HMG-CoA synthase 16) that were well conserved (Fig. 2B) .
With regard to HMGR in H. brasiliensis, HMGR (accession no. X54659), HMGR2 (accession no. X54658), and HMGR3 (accession no. M74800) have been reported, [6] [7] [8] but the sequence information for HMGR2 was incomplete, so it was not dealth with in the current study. HMGR showed 77% identity to HMGR3. Three HMGR genes were obtained, but only HbHMGR1 was identical to HMGR (accession no. X54659). Hence two other HMGR genes in the current study were designated HbHMGR4 and HbHMGR5. HbHMGR1 showed 73% identity to HbHMGR4 and 71% identity to HbHMGR5. HbHMGR3 showed 71% identity to both HbHMGR4 and HbHMGR5. HbHMGR4 showed 90% identity to HbHMGR5. In addition, the HMGRs in H. brasiliensis showed 67-80% identity to those in A. thaliana and O. sativa, and 47-52% identity to those in yeast. Moreover, the HMGRs in H. brasiliensis also had motifs crucial to the activity of the C-terminal region that were highly conserved, with the exception of HbHMGR5. But as in other plants and trees, the N-terminal region, which is needed to anchor enzymes to the ER membrane in yeast, 17, 18) was largely lacking (Fig. 2C) . Even though HbHMGR5 lacks the C-terminal region, the presence of a poly-A tail in the cDNA of HbHMGR5 implies that this peptide is a genuine product of gene expression in H. brasiliensis.
With regard to other members of H. brasiliensis, MVK (accession no. AF429384), PMK (accession no. AF429385), MVD (accession no. AF429386) have been reported. HbMVK, HbPMK, and HbMVD showed over 98% identity to those in a previous report. 8) MVD in H. brasiliensis showed 76-79% identity to that in A. thaliana and O. sativa, and 55% identity to that in yeast. Nevertheless, MVK and PMK in H. brasiliensis had 61-73% identity to those in A. thaliana and O. sativa, but only 29-33% identity to those in yeast. The crystal structures and active sites of MVK, PMK, and MVD have been studied only to a small extent in animals, even though the MVA pathway is an important metabolic pathway in many organisms. Moreover, these enzymes share little identity in animals and plants, and may have different crystal structures and active sites, so further study is needed.
Phylogenetic analysis
To elucidate the evolutionary relationships, between yeast, as a typical eukaryote, and plants, a dendrogram was created based on MVA pathway gene sequences obtained from GenBank (Fig. 3) . With regard to these MVA pathway genes, the genes in H. brasiliensis were located in plant gene clusters and were clearly distinct from those of yeast. In addition, HbAACT1 and HbAACT2, HbHMGS1 and HbHMGS2, and HbHMGR4 and HbHMGR5 were located in the same clades, but little sequence information was available for MVK, PMK, and MVD, and adequate examination of molecular evolution proved difficult. For all of the genes, the sequences in H. brasiliensis were located near those for Vitis vinifera.
Gene expression pattern of MVA pathway genes To determine the expression patterns of MVA pathway genes among different tissue types in H. brasiliensis, total RNA was extracted from reddish young leaves, pale-green young leaves, mature leaves, latex, phloem, and xylem, and quantitative real-time PCR was performed for all of the MVA pathway genes. The PCR results are shown in Fig. 4 . In H. brasiliensis, HbAACT1 was highly expressed in latex, HbAACT2 in latex and mature leaves, and HbAACT3 in mature leaves. HMGS1 has been found to be highly expressed in latex rather than in leaves, and HMGS2 has been found to be expressed in latex and petioles, but levels lower than that of HMGS1 were reported. 4, 5) The current results are similar to previous results. Moreover, they revealed that HbHMGS2 was more highly expressed in young leaves and phloem than in latex. Previously reported findings were that HMGR1 is highly expressed in latex rather than leaves, that HMGR3 is constantly expressed in leaves and latex, and that expression of HMGR1 is induced by ethylene treatment while that of HMGR3 does not change. 7) The results of the current study indicate similar trends. In addition, the current study revealed that the HbHMGR4 and HbHMGR5 obtained were specifically expressed at high levels in mature leaves and xylem respectively, and that HbMVK, HbPMK, and HbMVD are all highly expressed in latex.
This suggests that the genes for HbAACT1, HbHMGS1, HbHMGR1, HbMVK, HbPMK, and HbMVD, which are highly expressed in latex, play an important role in natural rubber biosynthesis in the latex of H. brasiliensis. In addition, we found that those genes that were highly expressed in latex were expressed at relatively high levels even in the xylem, which is not involved in rubber synthesis. HbMVK and HbPMK in particular were expressed at the same levels as in latex, but xylem contains no rubber, and the two may instead be involved in the biosynthesis of other isoprenoids.
Functional complementation of MVA pathway genes in H. brasiliensis
In yeast, the MVA pathway is a pathway for biosynthesis that is essential to survival; disrupting these pathway genes in a strain proves lethal. Hence, a complementation assay was performed using a heterozygous diploid strain lacking an allele of the target gene, and the functions of the H. brasiliensis MVA pathway genes obtained were confirmed.
None of disrupted strains with empty pYES2 vector were able to grow on either YPG expression medium or YPD non-expression medium (data not shown).
A Áerg10-disrupted strain with HbAACT1 and with HbAACT2 grew on YPG expression medium, but not on YPD non-expression medium (Fig. 5A ). This indicates that HbAACT1 and HbAACT2 have AACT activity. In addition, with HbAACT1, functional recovery of Áerg10 took 1 d. With HbAACT2, in contrast, recovery took 3 d, so HbAACT1 had a higher functional affinity for AACT in yeast than HbAACT2.
A Áerg13-disrupted strain with HbHMGS1 and with HbHMGS2 grew on YPG expression medium (Fig. 5B ), but Áerg13 with HbHMGS2 also grew on YPD nonexpression medium. To confirm more completely the phenotypic differences resulting from the GAL1 promoter's regulation of expression, growth on YPD medium with 5% glucose was verified; it was similarly possible. This can be explained by the fact that the low expression of HbHMGS2 due to leakage of GAL1 promoter in glucose. This was sufficient for recovery of the HMGS , CAO41142) . B, HMGS, HbHMGS1 and HbHMGS2 (this study); AtHMGS (A. thaliana, NM 117251); BjHMGS (Brassica juncea, AAG32924); LeHMGS (Lycopersicon esculentum, ABX55778); OsHMGS1 and OsHMGS2 (O. sativa, EAZ25374 and ABG73437); ScHMGS (S. cerevisiae, P54839); VvHMGS (V. vinifera, CAO63650). C, HMGR, HbHMGR1, HbHMGR4 and HbHMGR5 (this study); AtHMGR1 and AtHMGR2 (A. thaliana, NM 106299 and NM 127292); CaHMGR1 and CaHMGR2 (Camptotheca acuminate, P48021 and AAB69726); CmHMGR (Cucumis melo, BAA36291); CpaHMGR (Capsicum annuum, Q9XEL8); CrHMGR (Catharanthus roseus, AAT52222); EuHMGR (Eucommia ulmoides, AAV54051); GlHMGR (Gentiana lutea, BAE92730); HbHMGR3 (H. brasiliensis, Q00583); LeHMGR (L. esculentum, AAB62581); NtHMGR1 and NtHMGR2 (N. tabacum, AAB87727 and AAL54878); OsHMGR1 and OsHMGR2 (O. sativa, Q9XHL5 and A2X8W3); PsHMGR (Pisum sativum, AAL37041); RsHMGR (R. sativus, CAA48611); ScHMG1 and ScHMG2 (S. cerevisiae, P12683 and P12684); VvHMGR1, VvHMGR2 and VvHMGR3 (V. vinifera, CAO47551, CAO68514 and CAO66292). D, MVK, HbMVK (this study); AtMVK (A. thaliana, X77793); MtMVK (Medicago truncatula, ABD32397); OsMVK (O. sativa, ABB47176); ScMVK (S. cerevisiae, P07277); VvMVK (V. vinifera, CAO17636). E, PMK, HbPMK (this study); AtPMK (A. thaliana, NM 102927); OsPMK (O. sativa, ABF95008); ScPMK (S. cerevisiae, P24521); VvPMK (V. vinifera, CAO63313). F, MVD, HbMVD (this study); AeMVD (A. euchroma, ABG24207); AtMVD (A. thaliana, ATY14325); GbMVD (Ginkgo biloba, AAV32433); LeMVD (L. esculentum, ABW87316); OsMVD (O. sativa, BAD27942); ScMVD (S. cerevisiae, P32377); VvMVD (V. vinifera, CAN82519). function in the Áerg13-disrupted strain. In addition, a transformed haploid strain was inoculated on 5-FOA medium, and the differences in growth when the plasmid was lost were observed. On 5-FOA medium, in which only strains that had lost the plasmid grew, a haploid transformant with HbHMGS2 did not grow. Thus growth recovery dependent on the plasmid harboring HbHMGS2 was confirmed. This indicates that both HbHMGS1 and HbHMGS2 have HMGS activity.
A Áerg8-disrupted strain with HbPMK grew on both YPG expression medium and YPD non-expression medium with 5% glucose (Fig. 5C ). This can be explained by the fact that the low expression of HbPMK due to leakage of GAL1 promoter in glucose is sufficient to allow recovery of the PMK function in a Áerg8-disrupted strain. In addition, a transformed haploid strain was inoculated on 5-FOA medium, and the differences in growth when the plasmid was lost were observed. A haploid transformant with HbPMK did not grow on 5-FOA medium. Thus growth recovery dependent on the plasmid harboring HbPMK was confirmed. This indicates that HbPMK has PMK activity.
A Ámvd1-disrupted strain with HbMVD also grew only on YPG expression medium (data not shown). This indicates that HbMVD has MVD activity.
Yeast possesses two HMGR genes, HMG1 and HMG2. An hmg1 hmg2 double mutant strain in which these two genes are disrupted dies, but it can survive if Data from RT-PCR were analyzed as expression ratios relative to the red young leaf, and are shown as the mean of three replicated assays. Standard deviations of the means are shown as error bars. A, red young leaf; B, pale green young leaf; C, mature leaf; D, latex; E, phloem; F, xylem. mevalonolactone is added. Thus differences in growth in the presence and the absence of mevalonolactone confirmed the functions of genes in H. brasiliensis. A double mutant strain without a plasmid and a double mutant strain with only the pYES2 vector did not grow without mevalonolactone; in contrast, a double mutant strain with HbHMGR1 or HbHMGR4 grew even on YPG medium without mevalonolactone (Fig. 5D ). This indicates that both HbHMGR1 and HbHMGR4 have HMGR activity. A double mutant strain with HbHMGR5 did not provide any transformants, so its function could not be confirmed. HbHMGR5 had 90% identity to HbHMGR4 at the amino acid level, but the HbHMGR5 lacked the C-terminal region, which contains the catalytic domain of the enzyme. 19) This indicates that HbHMGR5 is insufficient to complement yeast mutant.
A Áerg12-disrupted strain with HbMVK did not provide any transformants, so its function could not be confirmed. The existence of MVK activity in the latex of H. brasiliensis has been confirmed. 20) The HbMVK obtained in the current study had a low identity, of about 30%, to MVK in yeast at the amino acid level, and functional confirmation by yeast complementation assay was not possible, but it is believed to have MVK activity. New knowledge of MVK in plants will probably be obtained in the future, through work such as detailed comparison of its active sites.
The current results lead to the conclusion that the HbAACT1, HbAACT2, HbHMGS1, HbHMGS2, HbHMGR1, HbHMGR4, HbPMK, and HbMVD genes in H. brasiliensis have corresponding enzymatic activity.
